INTRODUCTION
Sequestration of CO 2 into subsurface reservoirs can play an important role in limiting future emission of CO 2 into the atmosphere (e.g., Benson and Cole, 2008) . For geologic sequestration to become a viable option to reduce greenhouse gas emissions, large-volume injection of super-critical CO 2 into deep sedimentary formations is required. These formations offer large pore volumes and good pore connectivity and are abundant (Bachu, 2003 ; U.S. Geological Survey Geologic Carbon Dioxide Storage Resources Assessment Team, 2013) . However, hazards associated with injection of CO 2 into deep formations require evaluation before widespread sequestration can be adopted safely (Zoback and Gorelick, 2012) . One of these hazards is the potential to induce seismicity on pre-existing faults or fractures. If these faults or fractures are large and critically stressed, seismic events can occur with magnitudes large enough to pose a hazard to surface installations and, possibly more critical, the seal integrity of the cap rock.
The Decatur, Illinois, carbon capture and storage (CCS) demonstration site is the first, and to date, only CCS project in the United States that injects a large volume of supercritical CO 2 into a regionally extensive, undisturbed saline formation. The first phase of the Decatur CCS project was completed in November 2014 after injecting a million metric tons of supercritical CO 2 over three years. This phase was led by the Illinois State Geological Survey (ISGS) and included seismic monitoring using deep borehole sensors, with a few sensors installed within the injection horizon. Although the deep borehole network provides a more comprehensive seismic catalog than is presented in this paper, these deep data are not publically available. We contend that for monitoring induced microseismicity as a possible seismic hazard and to elucidate the general patterns of microseismicity, the U.S. Geological Survey (USGS) surface and shallow borehole network described below provides an adequate event detection threshold.
The formation targeted for injection is the Mount Simon Sandstone, which is laterally extensive, has high porosity and permeability and has the potential to host future CCS projects due to its favorable hydrologic characteristics and proximity to industrial sources of CO 2 (Birkholzer and Zhou, 2009) . At Decatur, CO 2 , a byproduct of ethanol production at the Archer Daniels Midland (ADM) facility, is compressed to supercritical state and injected at 2.1 km depth into the 460 m thick Mount Simon Sandstone. This sandstone has varying properties, ranging from the lower, fine-to coarse-grained sandstone with high permeability and porosity, to the middle and upper Mount Simon, which consist of planar, cross-bedded layers of varied permeability and porosity (Leetaru and Freiburg, 2014) . The changes in permeability and porosity within the Mount Simon Sandstone, due to depositional and diagenetic differences, create horizontal baffles, which inhibit vertical flow and restrict the injected CO 2 to remain near the injection horizon (Bowen et al., 2011) . The lowest portion of the Mount Simon Sandstone overlying the Precambrian rhyolite basement is the Pre-Mount Simon interval, generally < 15 m in thickness and composed of fine-to medium-grain size sandstone that is highly deformed (Leetaru and Freiburg, 2014) . The basement rhyolite has a clayrich matrix and is fractured, with significant alterations within the fractures. The primary sealing cap rock is the Eau Claire Formation, a 100-150 m thick unit at a depth of roughly 1.69 km (Leetaru and Freiburg, 2014) . The Maquoketa Shale Group and the New Albany Shale serve as secondary and tertiary seals at shallower depths of ∼820 and ∼650 m, respectively.
The ISGS managed the Illinois Basin-Decatur Project (IBDP), a three-year project beginning in November 2011, during which carbon dioxide was injected at a rate of ∼1000 metric tons per day until November 2014 (Finley et al., 2011 (Finley et al., , 2013 . ADM manages the Illinois Industrial CCS (ICCS) project, which will inject ∼3000 metric tons/day into a second injection well starting in the summer of 2015.
The USGS began monitoring microseismicity with a 13-station seismic network at Decatur in July 2013 (Fig. 1) . This network provides good detection capabilities and azimuthal (focal sphere) coverage for microseismicity with moment magnitudes (M w ) above about −0:5. Here, we report on 19 months of microseismicity monitoring at the Decatur CO 2 sequestration site, which permits a detailed look at the evolution and character of injection-induced seismicity.
NETWORK AND METHODS
Twelve of the USGS seismic stations were installed between July and August 2013, with the 13th station installed on 18 December 2014. Of the 13 stations in the network, nine are equipped with both a three-component broadband seismometer and a doi: 10.1785/0220150062 three-component force-balance accelerometer installed at the surface. At four of the stations, there are three-component forcebalance accelerometers at the surface and three-component, high-sensitivity geophones installed in ∼150 m deep boreholes. Data are continuously recorded and archived, for public access, at the Incorporated Research Institutions for Seismology Data Management Center. The network has an aperture of roughly 8 km centered on the CO 2 injection well CCS number 1, with the four stations that include borehole sensors located nearest to the well (Fig. 1) .
Event detection was carried out using manual inspection of spectrograms to discern small-magnitude events. Manual inspection is necessary due to the low signal-to-noise ratio (Fig. 2) . Local sources of noise near the network include the nearby ADM and Caterpillar industrial plants. Since July 2013, we have detected 221 events and located 179 of them, ranging in moment magnitude (M w ) from −1:13 to 1.26. We locate events using the standard Geiger method to determine absolute hypocentral locations (Klein, 1988) and generally achieve nominal absolute location uncertainties < 80 m horizontally and 100 m vertically for events with M w > 0. We calculate M w by integrating the first displacement pulses of the P-and S-wave arrivals using source velocities from our 1D model (Fig. 3) , calibrated by analyzing a synthetic source at a depth close to the majority of events (Boatwright, 1980; Prejean and Ellsworth, 2001) .
Reliable event locations, especially depths, are critically dependent on an accurate velocity model (Kissling et al., 1994) .
We derived a 1D velocity model using a zero-offset vertical seismic profile (VSP) obtained by ADM and the ISGS in well CCS number 1. We removed outliers and filtered the raw data using a moving average to achieve a less spurious differentiated velocity and fitted piecewise constant segments to the differentiated continuous velocity measurements (Fig. 3b ) using fixedwidth windows that roughly correspond to 140 m thick layers. We augmented the 1D velocity model with a shallow (< 150 m) acoustic P-wave log from USGS borehole DEC02. For the rhyolitic basement, we use velocities of Shelander (2013) to include a semi-infinite basement layer starting at 2.13 km depth. We simplified our velocity model slightly when adjacent layers exhibited similar velocities by averaging the layer velocities (compare to Fig. 3b and c, 1520-1870 m depth); in this way, we minimized numerical instabilities in the ray path calculations, which can arise due to velocity reductions with increasing depth (Lahr, 1999) .
We observe velocity inversions at depths of 970, 1520, and 1885 m. We constrain the ratio of P-to S-wave velocities by simultaneously inverting for microseismic event locations and P-and S-velocity structure using a subset of microseismic events and arrive at a V P =V S ratio of 1.83 (see Kissling et al., 1994) . Although somewhat larger than the often-assumed V P =V S ratio of 1.73 (corresponding to a Poisson's ratio ν 0:25), it is sim-6.0×10 ilar to ratios commonly observed in sedimentary sequences, especially those that include siltstone and shale (Picket, 1963; Willman et al., 1975) .
For a subset of events, we are able to estimate focal mechanisms using the P-wave polarities from at least eight network stations. We find focal mechanisms most consistent with first motions by grid searching over the entire solution space and selecting only those mechanisms that have the highest probability per event (Hardebeck and Shearer, 2002) . We choose large azimuthal and take-off angle gap criteria (120°and 85°, respectively) in the calculations owing to the relatively small magnitudes of these events and the locations of microseismicity clusters within our network that limit the variety of first motions detected.
RESULTS
Hypocenters located at Decatur primarily fall into three distinct clusters (Fig. 1) . One cluster at and immediately to the north of the injection well (east cluster) extends to the northnortheast for about 1.0 km. This cluster has been active since the start of USGS network operations. A second cluster at a distance of about 2.0 to 2.6 km northwest from the injection well was active for roughly three weeks in September of 2013 and includes only few events. The most recently active cluster is located to the north of the injection well, at distances between 1.8 and 2.3 km, with the first events detected in July of 2014. Each cluster includes events with M w ranging from −0:5 to at least 0.8, absolute hypocentral depths between 1.9 and 2.7 km, and the large majority of all events are within 200 m of the basement-Mount Simon contact (Fig. 4) . All events are thus located in the lower Mount Simon Sandstone, the Pre-Mount Simon Sandstone or in the Precambrian basement and at least 200 m below the Eau Claire Shale cap rock. Events with M w ≥ 0:5 show a similar depth distribution but are at least 400 m below the Eau Claire Shale cap rock. The eastern and northern clusters have comparable source depths, whereas events in the western cluster tend to be deeper.
We refine the locations of a subset of events by relocating these with double-difference methods using differential travel times from phase picks and waveform cross correlations to achieve high-precision relative locations (Waldhauser and Ellsworth, 2002) . We used all waveform pairs with cross-correlation coefficients > 0:7 and damp the solution to achieve a good compromise between retaining the maximum number of events while also reducing the root mean square errors in the locations. Of the initial 179 events, we retain 66 in the final relocated catalog. We lost a large number of small magnitude events due to significant, nonstationary noise that prohibit cross correlation of waveforms. The resulting relocations yielded improved definition of the clusters, in particular for the central cluster nearest the injection well. This cluster forms a roughly linear pattern with a north-northeast trend (Fig. 5) . The western cluster sharpens slightly with a faint trend from west-northwest to east-southeast, but the pattern is not as distinct and linear as for the central cluster. The northern cluster also sharpens slightly, but a clear lineation is not readily apparent. Hypocentral depths after relocation remain in the same depth range as for the absolute depths, extending from about 1.9 to 2.7 km. Further, the relative locations shift by < 120 m horizontally and 140 m vertically from the absolute locations, suggesting that our actual location errors for events with M w > 0:5 are, in fact, of the order of 120 m horizontally and 140 m vertically.
Six focal mechanisms indicate right-lateral strike slip to oblique strike-slip mechanisms (Fig. 5) . Strike orientations range from 331°to 063, with an average strike of 22°. The dip ranges between 62°and 90°, with an average dip of 75°. Similarly, the average rake is −148°, ranging from −121°to −172°, indicating oblique strike-slip relative motion. Thus, the axis of compression is oriented east-northeast to west-southwest. The regional maximum horizontal principal stress from borehole measurements (Nelson and Bauer, 1987 ) is oriented at 062°, which is consistent with the focal mechanisms at all three clusters (Fig. 5) .
DISCUSSION AND CONCLUSIONS
For CCS to become a viable option in reducing greenhouse gas emissions, vast amounts of CO 2 require long-term geological sequestration. The candidates for CCS with the greatest storage capacity nationwide are saline aquifers like the Mount Simon studied here, which provide horizontally extensive, high-porosity, high-permeability reservoirs (U.S. Geological Survey Geologic Carbon Dioxide Storage Resources Assessment Team, 2013) . Many of these formations are similar to the Mount Simon in that they overlie Precambrian basement. Extensive implementation of CCS in such formations would increase the likelihood of encountering unmapped, near critically stressed faults capable of producing earthquakes large enough to pose a hazard to surface installations and sealing cap integrity (Zoback and Gorelick, 2012) . At Decatur, however, no felt seismicity or seismicity greater than M w 1.26 has been observed, despite injecting roughly one million metric tons of super-critical CO 2 .
Microseismicity at Decatur tends to cluster, and these clusters do not appear to be at distances from the injection well that are monotonically increasing with time. This pattern of seismicity indicates heterogeneous pore pressure redistribution that is likely the result of an inhomogeneous and perhaps anisotropic permeability structure. Depositional changes and fractures are clearly visible in core samples from wells at the Decatur site, particularly from the basement rhyolite (Leetaru and Freiburg, 2014) . Both the alignment of clusters after relocation and the focal mechanisms of a subset of events suggest that microseismicity in the basement may nucleate on preexisting faults that are well oriented with respect to the regional stress field. These pre-existing fault zones may further provide high-permeability channels for the injected fluid. We suggest that alternating low-permeability horizons limit vertical flow within the Mount Simon Sandstone (Bowen et al., 2011) and, possibly in concert with aligned faults and fractures in the lower Mount Simon, Pre-Mount Simon and basement, create a heterogeneous flow field that aids in localizing microseismicity largely at depths ranging from the injection interval to the upper part of the basement. This permeability structure likely also prevents significant pore pressure communication into the upper Mount Simon and near the primary seal, the Eau Claire Shale.
We thus conclude that current microseismicity detected at the Decatur site is unlikely to pose a hazard to the integrity of the Eau Claire Shale, due to the significant distances of the hypocenters from the seal and the low observed magnitudes of these events. Although detected seismicity at Decatur is of low magnitude, we note the Decatur site shares many characteristics of other injection-induced seismicity locales that have experienced seismicity of greater magnitudes and consequences (e.g., Kim, 2013) . Much more research is required at the Decatur CCS project to understand the relationship between longterm injection and induced seismicity there. The forthcoming additional findings from the Illinois Basin-Decatur Project (IBDP) and work conducted by the ISGS and the future ICCS project at Decatur will provide an excellent opportunity for this.
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▴ Figure 5 . Double-difference relocated microseismicity using differential travel times from phase arrival times and waveform cross correlation (correlation coefficient ≥ 0:7, see text for details). Focal mechanisms are from P-wave polarity for six events. Regional orientation of the maximum horizontal principal stress (SH max ) is indicated by opposing arrows (Nelson and Bauer, 1987) . Symbols scaled to M w and color-coded by origin time, as in Figure 1 . Air photo (from Google Earth) is included for reference but is not orthorectified.
